Gas-phase separation / Short-lived bromine nuclides / Selenium / Carbonyl selenide (OCSe) / Labelled bromine / Spallation neutron source Summary. Short-lived bromine nuclides, available from thermal neutron induced nuclear fission of 235 U, may be useful tracers for laboratory studies in atmospheric chemistry. Shortlived fission products were delivered continuously to a laboratory with the gas-jet facility at the spallation neutron source SINQ. To increase the selectivity for the fission products from the light mass peak, the 235 U target was covered with a nickel foil to suppress the heavy fission products having lower recoil energies. In addition, carbon monoxide (CO) or propene (C 3 H 6 ) were added as reactive gases to the He carrier gas rather than aerosol particles. Besides isotopes from the noble gas krypton and its descendants, a selective transport of selenium isotopes was observed with each of these gases, though with higher yield using CO/He. Through β Ϫ -decay bromine isotopes are formed from selenium precursors. A bromine generator was established through controlled decomposition of the transported carbonyl selenide (OC 83Ϫ87 Se) and adsorption of the resulting elemental selenium on quartz. The addition of carrier bromine to the carrier gas led to a complete mobilisation of the bromine nuclides from the quartz surface while retaining selenium. With this procedure, a source of gaseous bromine species, presumably in the form of Br 2 with the isotopes 83Ϫ87 Br, could be established.
Introduction
Bromine containing compounds are known to play an important role in the ozone chemistry in various regions of the atmosphere [1] . Barrie et al. [2] first reported a relationship between spring-time ozone destruction in the lower Arctic troposphere which showed a strong negative correlation between the concentrations of ozone and bromine compounds. There is also increasing evidence that similar processes affect the ozone budget in Antarctica [3] , at mid-latitudes [4] and in the subtropics [5] . In particular, the mechanisms describing the heterogeneous reactions of gas-phase bromine compounds on aerosol surfaces typically found in the atmosphere such as sea-salt particles, are not entirely understood. The investigation of heterogeneous chemistry † Also at Department of Chemistry and Biochemistry, University of Bern, Bern, Switzerland. * Author for correspondence (E-mail: markus.ammann@psi.ch).
under simulated conditions in the laboratory is difficult, as the atmosphere is a multiphase system with variable humidity and a complex gaseous environment. Especially for heterogeneous reactions, the use of short-lived radioactive tracers has proven to be a highly valuable tool because of its high sensitivity and capability for the in situ detection of surface bound species under real gas conditions. For aerosol experiments,
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N with a half-life of 10 minutes has already been successfully used for studies of heterogeneous reactions of nitrogen oxides on several particle surfaces such as soot [6] .
The aim of this study was to establish a source of bromine nuclides to be used as tracers in similar experiments. At the Swiss Spallation Neutron Source (SINQ) at Paul Scherrer Institute, Switzerland, a gas-jet facility with 235 U targets has been installed. Using the gas-jet approach [7] , thermal neutron induced fission products (e.g. bromine) can easily be transported to a chemistry laboratory through flexible tubes by attaching the nuclides to particles suspended in the gas flow passing the target. In order to increase the selectivity of the system for the more volatile fission products, the suspended particles can be omitted and, instead, a reactive gas be added to promote the exclusive transport of nuclides being able to form volatile and stable compounds. As will be shown below, the most promising approach for a source of bromine nuclides was to transport its precursor selenium and to separate the bromine daughter nuclides in an on-line gas chemistry system.
Experimental
The SINQ gas-jet facility is a versatile instrument for the production of short-lived fission products of 235 U [8] . Bromine isotopes with half-lives ranging from 55 seconds ( 86 Br) up to 2.4 hours ( 83 Br) are available in this way. The neutron flux on the targets can be adjusted by means of a mechanical shutter between 10 7 and 10 9 neutrons cm Ϫ2 s Ϫ1 , leading to 235 U fission rates of 10 4 to 10 6 s Ϫ1 . The product nuclei are stopped to thermal velocity in the corresponding target chamber, which is continuously purged by a gas. To meet the requirements of different experiments several chambers are available. They are optimised to different gas media (e.g. He or N 2 ) as well as to different fission products (fission fragments from light mass peak only or all fission fragments). For the experiments described in the following, Br source. The gas returning from the fas-jet facility, containing volatile fission products, enters the quartz tube through a separate inlet. In a first tube furnace, the transport molecules with the fission products were decomposed and the resulting Se atoms were deposited on a clean quartz-wool plug in a second tube furnace. Bromine, the decay product, was mobilised by addition of H 2 or Br2 and was detected on AgNO3 coated quartz-wool. The impermeability of the AgNO3/quartz-wool for Br and Se was checked by a trap filled with activated charcoal, placed at the exit of the chemical apparatus.
a 25 mm chamber was used with a 6 µm nickel degrading foil covering a 0.23 mg/cm 2 235 U target suppressing the emission of fission fragments from the heavy mass peak [9] . The absolute pressure in the chamber was 1.82 bar. The inlet and outlet tubes, which connect the chamber with the outside of the insertion module, are made of anodised aluminium and have an inner diameter of 4 and 2 mm, respectively. From there, several flexible tubes, different in material and diameter, are available for the transport to the laboratory. In this study, a polyethylene tube with an inner diameter of 4 mm was used. This tube was jacketed with an outer tube, purged by argon, in order to reduce impurities (e.g. O 2 , H 2 O) caused by the permeability of the polyethylene. Through this transport line, nuclides produced in the target chamber are transported to the 80 m distant laboratory by a He gas flow (1 l min Ϫ1 , 99.9999%, Sauerstoffwerke Lenzburg). The transport time of the gas mixture from the target chamber back to the laboratory is around 7Ϫ10 seconds for a gas-flow of 1 l min Ϫ1 . This is a limiting factor for the repertory of available isotopes. If the halflive of the selenium precursor is shorter or of the same magnitude, the resulting bromine isotopes are lost on the walls of the polyethylene tube if they do not form transportable molecules.
Among the large variety of fission products, only bromine nuclides were of interest. Hence, a suitable gas phase reactant, expected to form a stable bromine compound had to be added to the carrier gas to improve the selectivity for bromine already in the target chamber. In the target chamber, all nuclides are thought to occur in a radical state after thermalisation. Several compounds were of interest: methane could react with bromine to methyl-bromide as reported by Kratz et al. [10] , but no useful transport efficiency was achieved. Ethene, the gas which is often added for halogen separation [11Ϫ14], was not used because of the risk of partial polymerisation [15] in the gas-jet chamber resulting in possible pollution problems. An alternative to ethene is C 3 H 6 , because no radical initiated polymerisation of this molecule is known, especially in the absence of catalysts [15] . CO, which has a high electron density between the carbon and oxygen atom, is able to build a van der Waals interaction with atoms like bromine (electronic configuration [ ) lacking a valence electron. Finally, CO and C 3 H 6 were used for all further experiments. CO and C 3 H 6 , each 1% in helium (Carbagas) were diluted to achieve concentrations ranging from 600 to 768 ppm and added as reactive gases.
The closed gas flow system consisted of two tube furnaces, which could be heated each up to 900°C and of a quartz-column equipped with separate inlets (Fig. 1) . Through these inlets, the gas exiting the gas-jet facility and, if needed, hydrogen (7 % in Ar, Sauerstoffwerke Lenzburg) or bromine (Fluka puriss. p.a. 16040) entered the system. On a quartz-wool plug placed several centimetres inside the second tube furnace, the combustion products from the first tube furnace were deposited. Nuclides passing the second tube furnace were collected on the following trapping materials kept at temperatures between 25°C and Յ 200°C: pure quartz-wool, silver coated glass globules, silver granules (Aldrich 99.99%, ϩ60 mesh, 30337-2), silver nitrate (Fluka puriss. p.a. 85228) on quartz-wool or activated charcoal (Merck, 0.5Ϫ1 mm, 109246). The silver coated glass globules were made of AgNO3 (Fluka puriss. p.a. 85228) deposited on the glass surface and decomposed to elemental silver at 500°C in an inert gas flow. The activity in the traps was analysed by γ-spectroscopy using a portable and calibrated HPGe detector. Care was taken to position the detector such that all measurements were performed in a comparable geometric configuration. A second trap, filled with activated charcoal, was installed either to check for breakthrough of the nuclide of interest in the first one or to detect the fission noble gases, for reference. All relevant tubes and connectors were made of Teflon. The total gas flow in the system depending on the actual experiment ranged from 1100Ϫ1300 ml min Ϫ1 and was composed of 1000 ml min Ϫ1 of helium as carrier gas (Ͼ99.9999%, Sauerstoffwerke Lenzburg), 84 ml min Ϫ1 of 1% CO (99.997%) or 1% C 3 H 6 (99.4%) in helium (99.9990%) (carbagas), 200 ml min Ϫ1 of 7% H 2 (Ͼ99.993%) in Ar (Ͼ99.998%) (Sauerstoffwerke Lenzburg) and 10 ml min Ϫ1 of helium (99.9999%). The last gas flow was used to add carrier bromine to the system from a small bottle containing bromine (Fluka puriss. p.a. 16040). It was immersed in a coolant at Ϫ75°C in order to provide a low Br2 partial pressure (Յ8 Pa). The gas leaving the system was pumped to waste by a diaphragm pump (KNF) and the total pressure was regulated to 90 kPa. 
Results and discussion

Direct catch experiments
The transport characteristics of the gas-jet system were studied by bypassing the gas-chemistry set-up and directly collecting the products on activated charcoal or AgNO 3 coated quartz-wool. The latter filling had a better signalto-noise ratio in the γ-spectra, presumably due to reduced retention times of noble gas nuclides in the trap. With pure helium as carrier gas only little Se and Br were transported ( Table 1 ; 1 st line. Surprisingly, for both reactive gases added, CO and C 3 H 6 , mainly Se nuclides were transported to the laboratory. Fig. 2 shows that the Br activity observed in the trap originated exclusively from decay of Se rather than from transport of Br species. The most likely molecule originating from the reaction of selenium atoms with CO is carbonyl selenide [16] , and for C 3 H 6 it is probably propaneselenal, a C 3 seleno-aldehyde with a double bond between the terminal carbon atom and the selenium [17] . Moreover, in the presence of traces of hydrogen in the carrier gas, a reaction to labelled hydrogen bromide might occur, but HBr reacts strongly with the surface of the 70 m transport capillary, especially the metallic surfaces close to the target. This could be a second reason for the poor bromine yield.
The saturation count-rates of 84 Se were measured in the trap as 10.6 cps at 600 ppm CO in a heated quartz tube (Ϸ 200°C) filled with AgNO 3 coated quartz-wool ( Table 1;  2 nd line), and 3.9 cps at 600 ppm C 3 H 6 (maximum allowed concentration) in a quartz tube filled with clean quartz-wool at room temperature. These trapping materials were quite specific for the products, i.e., the products transported with C 3 H 6 were not retained in the trap used for the products with CO, and vice versa. Because of the higher yield, only CO was used for further experiments. A typical γ-spectrum under such conditions is shown in Fig. 3 and the measured activities are listed in Table 2 [18] . Table 2 . List of all detected selenium and bromine nuclides in a typical experiment with 600 ppm CO added to the helium transport gas. All nuclides were caught on quartz-wool coated with AgNO3 [18] . Fig. 2 . Number of Br and Se atoms measured in an activated charcoal trap at the end of the gas-jet, compared to the number of Br atoms calculated from the decay of the measured Se atoms. Obviously, the entire Br activity is caused by the decay of precursor Se and not by direct formation. Note the shorter half-life of 84 Se (3.1 min) than 84 Br (31.8 min) leading to a ten times higher number of daughter than parent atoms. Fig. 3 . γ-Spectrum measured during 30 minutes on AgNO3 coated quartz-wool at room temperature. Carbonyl-selenide (OCSe), the resulting transport molecules of the addition of CO (600 ppm) was not decomposed at temperatures below 800°C and could be detected behind the second tube furnace. The marked peaks are: From the measured activities (Table 2) , the transport efficiency for 84 Se was estimated. As a result, about 10% of all 84 Se atoms produced in the target chamber were detected in the laboratory, based on a fission rate of 1.0 · 10 6 s Ϫ1 , a fractional cumulative yield for mass 84 of 1.005 % and a neutron flux of 2.3 · 10 8 s Ϫ1 cm Ϫ2 . In the following, the on-line gas chemistry set-up was used to decompose OCSe and separate the daughter Br nuclides under three conditions: CO in He only, addition of H 2 and addition of carrier Br 2 .
Gas chemical measurements
First, CO containing He carrier was used. No bromine carrier was added. Under these conditions, complete decomposition of the transported molecule OCSe occurred at temperatures above 800°C in the first tube furnace. Released Se was transported through the quartz tube at this elevated temperature and deposited on the quartz wool plug from tube furnace 2 kept at about 200°C (Fig. 1) . However, only poor separation of Br from Se was achieved in tube furnace 2.
In a second step, it was checked whether addition of little hydrogen (Ͻ5%) would increase the bromine yield, as this would favor the formation of hydrogen bromide. This resulted in an increased recovery of bromine produced in the decay of the deposited selenium. However, under these conditions still 6% of the selenium was transported to the trap, possibly due to the formation of volatile hydrogen selenide (H 2 Se) ( Table 1; 3 rd line). Finally, bromine carrier (Ϸ 500 ppb Br 2 ) was added before the first tube furnace to avoid wall losses of carrierfree bromine on quartz surfaces. This carrier concentration was achieved by flowing a He gas stream over solid bromine at a temperature of Ϫ75°C. As a result, the bromine radionuclides could be mobilised quantitatively, most likely due to surface passivation of the quartz tube and isotope exchange to diatomic bromine (e.g. Br-84 Br) [19] while retaining Se ( Table 1; 4 th line). This latter conclusion seems to be plausible, as the transport of a single bromine atom under the described conditions is extremely unlikely. In Fig. 4 the complete separation is shown by γ-ray spectrum of an example, 84 Se (E γ ϭ 408 keV) and its daughter 84 Br (E γ ϭ 881 keV). Shown are the measured 84 Se and 84 Br lines from the direct catch (upper part) and the corresponding lines after passing through the chemistry device at a temperature of 800°C of tube furnace 1, and of tube furnace 2 of about 200°C, respectively, and under reactive gas concentration of 600 ppm CO and 500 ppb Br 2 . The difference of the peak areas for 84 Br between the direct catch and the chemistry experiments is caused by slightly different counting efficiencies of the HPGe detectors at the position of the trap and the activated charcoal (see Fig. 1 ) as well as improved transport yield in the chemistry experiment due to carrier bromine.
Even after several hours of on-line operation, no selenium breakthrough was observed. Comparing the amount of all selenium atoms available ( Fig. 2) with the measured bromine activity showed that quantitative mobilisation of bromine could be achieved.
To conclude, under the gas chemical conditions described above it was possible to develop a bromine generator via its precursor selenium. This enables the use of bromine nuclides in the synthesis of atmospherically relevant so called bromine reservoir species as for example hypobromous acid (HOBr) or bromine nitrate (BrONO 2 ), which both have a high ozone depletion potential. Because of the very different half-lives of bromine nuclides from nuclear fission, a variety of time resolved experiments become possible.
